Citrobacter diversus is a gram-negative bacillus that is a rare but devastating cause of neonatal meningitis, occurring sporadically or in epidemics (5, 10, 12, 19, 22, 25, 31, 32) . The fatality rate of patients with meningitis is reported to be 34%, with 90% of survivors having various degrees of mental retardation (11, 13) . In contrast to patients with other bacterial causes of neonatal meningitis such as Escherichia coli K-1 strains and group B Streptococcus strains, 77% of C. diversus meningitis patients develop brain abscesses (11) . Although the clinical and epidemiologic features of C. diversus infections in neonates have been well described, we lack a good understanding of the associated virulence mechanisms. The importance of putative virulence factors (16) in development of disease remains to be determined, and the role of host factors, such as age, is unclear. The pathogenic mechanisms involved in cerebral abscess formation have also been controversial (7, 15, 17) .
To assess the pathophysiology of C. diversus neonatal meningitis, we and others have investigated a number of possible animal models (17, 23a); we report here results obtained after intracranial inoculation of the bacterium into infant mice. With our infant mouse model we sought to determine whether there were differences among strains in pathogenicity and whether these differences correlated with epidemiologic background or with standard markers such as serotype, biotype, plasmid profile, or outer membrane protein (OMP) profile. We were also interested in evaluating progression of the central nervous system (CNS) lesions and determining whether there was an age-related susceptibility to infection in infant mice, as has been described in humans (11, 22) .
MATERIALS AND METHODS
Bacterial strains. Twenty-six isolates of C. diversus were examined (Table 1) . This includes 11 isolates from cases of neonatal meningitis, 3 isolates associated with bacteremia, and 12 isolates cultured from other sites. The organisms were obtained from different geographic locations within the United States and Israel. E. coli K-12 strain HB101 was used as a negative control. All isolates were stored at -70°C in L broth with 15% glycerol.
C. diversus isolates were serotyped for both 0 and H antigens at the Government Central Laboratories, Jerusalem, Israel, by previously described methods (1) . Biotyping was based on the fermentation of dulcitol, rhamnose, sucrose, and sorbose (26) . Plasmid profiles were determined by using an alkaline plasmid extraction technique (2) . For selected strains, OMPs were extracted and prepared by using a modification of the method described by Sears and Richardson (21, 28) . Strains for OMP extraction were grown in L broth for 16 h at 37°C; proteins were visualized by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) by using discontinuous gels (30) with stacking and resolving gels of 4% (pH 6.9) and 11% (pH 8.7), respectively.
Intracranial challenge of neonatal mice. The study was conducted in four parts. A preliminary experiment was conducted to establish a dose-response curve and to determine an appropriate inoculum size for subsequent studies. Two-day-old mice were challenged with C. diversus 52 lesions and to assess sampling variability, serial sections were prepared from the brains of selected mice with representative lesions.
RESULTS
Preliminary dose-response studies with C. diversus 52. The results of the preliminary experiment using intracranial challenge of strain 52 in 2-day-old mice are shown in Fig. 1 . The dose of 3.3 x io3 used in all subsequent experiments was the calculated 85% lethal dose. Experiment 1: mortality in 2-day-old mice (26 isolates). After intracranial inoculation in 2-day-old mice, 15 of the 26 C. diversus isolates caused 100% mortality, 3 isolates caused mortality of 67 to 80%, and the remaining 8 isolates had mortalities of 6 to 40% (Table 1 ). There was no correlation between mortality and the site from which the isolate was recovered (CNS versus blood versus other sites), the geographic location from which the isolate was obtained, or the plasmid profile of the isolate (Tables 1 and 2 ). Strains of Source CNS 3 8 Other sites 5 10 strain 52 were significantly higher than rates for litters inoculated with low mortality strain 4409 (P = 0.03) or 663-972 (P = 0.04, t test using Arcsin transformed data).
Additional pups were sacrificed on days 2, 4, and 6 postinoculation, and blood samples were obtained for culture. Bacteremia, if present, was always detected on day 2 postinoculation; only animals inoculated with strain 52 were still bacteremic by day 6. The two strains that did not cause bacteremia (4409 and 663-972) were the two strains that caused minimal mortality; a significant correlation was seen between overall rates of bacteremia and mortality (r = 0.8, P = 0.01; Spearman correlation coefficient).
(ii) Brain histopathology. On days 1 to 2, mice inoculated with 4409 and 663-972 (the two low mortality strains) had localized acute necrosis of the cortex at the site of inoculation without infiltration of neutrophils or abscessation. Mice inoculated with strains 52, 19266, 6947, 896-109, and 75 (the high mortality strains) had acute ventriculitis with numerous neutrophils in the lateral ventricles (Fig. 3) and suppurative meningitis. In addition, mice inoculated with strains 19266 and 6947 developed severe purulent ventriculitis with abscessation, destruction of the ependyma, ventriculomegaly, and infiltration of neutrophils into the adjacent parenchyma with formation of bilateral periventricular abscesses (Fig. 4 and necrosis, and large numbers of intracellular and extracellular bacteria (Fig. 7) . Adjacent to the abscess there was malacia and gliosis without evidence of early glial scarring.
The severity of meningitis was variable in the animals examined. In some mice, no meningitis was observed. In others, mild to moderate suppurative meningitis involved the area immediately overlying the abscess and was both dorsal and dependent in the brain stem and cerebellar areas.
Except for focal malacia at the site of inoculation, no brain lesions were noted in the control mice inoculated with sterile media or E. coli HB1O1 in doses as high as i07 CFU There was no mortality (14 mice) or bacteremia (3 mice) among mice inoculated with strain 52 at the age of 8 days. Mortality rates among litters inoculated at the age of 8 days were significantly lower than those among litters inoculated at the age of 2 days (P = 0.008; t test using Arcsin transformed data).
(ii) Brain histopathology. At 2 days postinoculation of 5-day-old mice with strain 52, there was marked bilateral suppurative ventriculitis and ventriculomegaly with large numbers of bacteria. In contrast to the extensive abscessation and malacia observed in 2-day-old mice on days 3 to 6 postinoculation, the mice inoculated at the age of 5 days showed localized necrosis in the superficial cortex at the site of inoculation accompanied by diffuse moderate meningitis at days 3 to 4 postchallenge. The focal lesion was healing with scarring on days 5 to 6 postinoculation, and there was meningitis with infiltration of low to moderate numbers of neutrophils and mononuclear cells. As in 2-day-old mice, no brain lesions other than focal malacia at the site of inoculation were seen in 5-day-old mice inoculated with E. ccli HB101 or sterile culture media.
Mice inoculated at the age of 8 days examined on day 2 postinfection had localized cortical necrosis at the site of inoculation. On day 4 after inoculation there was a unilateral localized abscess in the meninges which did not extend into the brain parenchyma (Fig. 8) . 
DISCUSSION
In this study we describe a mouse model in which abscessation was produced in the brain after intracranial inoculation of low doses of C. diversus. No CNS lesions were seen in animals inoculated with sterile media or with E. coli HB101, emphasizing the etiologic role of C. diversus.
In prior work in our laboratory we were unsuccessful in developing models for C. diversus by using intraperitoneal inoculation of adult mice (with and without iron loading), subcutaneous inoculation of infant rats, and oral inoculation of infant mice (23a). Kline et al. (17) reported an infant rat model for C. diversus meningitis by using simultaneous intraperitoneal and intranasal inoculation. We found this to be cumbersome, requiring large numbers of animals (ca. 90 infants per strain to show a statistically significant difference in mortality between the two strains in Kline's study) and an excessively large inoculum size to produce infection. The histopathologic changes of purulent ventriculitis and adjacent parenchymal abscessation documented in this rat model were similar to the brain lesions that we observed in our infant mouse model. Our model also appears to mimic the human infection in several important respects: abscessation occurred only in the periventricular areas, there was a lack of involvement of the brain stem and cerebellum, and age-related susceptibility was demonstrated.
In investigations of outbreaks of C. diversus neonatal meningitis there has been a suggestion that certain strains (as identified by biotype, serotype, plasmid profile, and/or chromosomal restriction endonuclease digest) possess increased virulence; this suggestion was made on the basis of the observation that only one strain of several present in a neonatal nursery was associated with occurrence of disease (10, 11, 22) . Our data indicate that there are clear differences in virulence among C. diversus strains after CNS inoculation. Despite some litter-to-litter variability, it was possible to demonstrate statistically significant differences in mortality rates between high and low mortality strains. In our second experiment (seven strains) we found that the two strains with low mortality rates produced no bacteremia and had only localized abscessation, in contrast to the severe abscessation and malacia observed with the more virulent strains. This is in keeping with the work by Kline et al. (17) , in which differences in mortality, bacteremia, and occurrence of meningitis were noted when two strains (one from a child with meningitis and the other from an apparent tracheal colonization) were compared.
While we found that strains differed in virulence in our model, we were unable to correlate virulence with the source of the isolate (i.e., CNS versus blood versus other sites). This may be a function of the relatively small number of strains included in the study or may reflect difficulties in using data on source of isolation to characterize clinical virulence of strains (i.e., all strains isolated from an asymptomatic person may not be avirulent). Alternatively and perhaps more likely, there may be factors other than virulence after CNS inoculation that determine whether a C. diversus strain will cause disease in a human infant.
It has not been possible to consistently associate meningitis cases with any particular C. diversus serogroup or biotype (12 In this study we looked at the chronological development of brain lesions beginning 2 days after inoculation in 2-, 5-, and 8-day-old mice. The severity of disease was age related, with absence of bacteremia and with lower mortality and lower numbers of mice with brain abscessation in 5-and 8-day-old mice than with 2-day-old mice. The brain histology in the older mice showed localization of the ventriculitis and meningitis without marked destruction of the periventricular area by abscessation. The reason for this age-related susceptibility to C. diversus infection is not known. Possible explanations could include a change in the biochemical characteristics, postnatal neuroanatomical development, or host defense capabilities of the infant mouse brain between 2 and 5 days of age (6, 9, 14, 24) . Neonatal animals and humans have been shown to have impaired host defense mechanisms, such as diminished levels of complement, profound abnormalities in phagocytic function, and deficiency in immunoglobulin M and immunoglobulin A and some classes of immunoglobulin G (14, 20) . Experiments to manipulate and enhance host defenses have been done with group B Streptococcus strains and Listeria monocytogenes by using gamma globulin, neutrophil transfusions, and gamma interferon (3, 4, 27) . Further studies are needed to assess the relevance of such interventions in C. diversus infections.
In summary, our intracranial inoculation model provides a means for evaluating progression of intracranial lesions associated with C. diversus infections. Because of the direct route of inoculation, this model cannot be used to address questions relating to the initial route of infection (although use of scalp electrodes, which has been noted in some outbreak reports [10, 19] , might create a situation analogous to direct inoculation in some human infants). Results in the model do not correlate with the clinical source of the strain (i.e., whether a strain was isolated from a patient with meningitis), further suggesting that occurrence of illness in human infants is dependent on factors other than virulence of the organism after CNS inoculation. However, the model does appear to be of value in assessing pathophysiologic mechanisms involved in C. diversus CNS infections and may help to provide some understanding of why this and other gram-negative organisms (29, 33) cause such devastating brain lesions in human neonates.
